-deficient mice, which have severe deficits in their repertoire of antigen-restricted cytotoxic CD8 ϩ T cells (46) . Nonetheless, the mechanism of WNV clearance from infected neurons in the CNS remains unclear. CD8 ϩ T cells could control neuronal infection through several independent mechanisms, including a class I major histocompatibility complex (MHC)-restricted and perforin-dependent cell death pathway or a Fas ligand-dependent cell death pathway, or through the production of antiviral cytokines such as gamma interferon (IFN-␥) or tumor necrosis factor alpha. Perforindependent control of virally infected target cells by activated CD8 ϩ T and natural killer (NK) cells occurs through the granzyme-dependent granule exocytosis pathway, which results in programmed cell death (15, 50, 54) .
To elucidate the mechanisms of CD8 ϩ T-cell-mediated control of WNV infection, prior studies were performed with genetically deficient mice and the lineage II Sarafend strain of WNV (64) . No change in mortality after infection was observed in mice that were genetically deficient in perforin, Fas, or Fas ligand. Compared to wild-type mice, equivalent virus titers were observed on days 10 and 13 after infection in the brains of perforin-, Fas-, or Fas ligand-deficient mice. Based on these data, Wang et al. concluded that perforin did not play a crucial role in the recovery from WNV infection, although higher viral burden and mortality were observed in perforin-ϫ Fas ligand-deficient mice. Despite the apparent limited role of perforin in controlling Sarafend infection, increased mortality was observed in mice lacking granzymes A and B, suggesting a possible novel protective role of granzyme against WNV that was independent of perforin (64) .
Although studies with the Sarafend strain provide insight as to how CD8 ϩ T cells limit WNV infection, it is also important to evaluate how CD8 ϩ T cells control infection by a lineage I North American strain. The lineage II Sarafend strain is dis-tinct genetically and functionally from the North American lineage I strains: the amino acid sequence identity ranges from 78% (capsid) to 95% (NS3), Sarafend has a unique binding pattern of neutralizing anti-E monoclonal antibodies (MAbs) (52) , and Sarafend buds from the cell directly via the plasma membrane rather than through the Golgi-derived secretory pathway (45) . Moreover, infection with a high (10 8 PFU) dose of the Sarafend strain resulted in greater mortality in wild-type compared to ␤ 2 -microglobulin-deficient mice, suggesting that under some conditions, CD8
ϩ T cells contribute to immunopathogenesis and disease (63) .
In the present study, we directly assessed the role of perforin in CD8
ϩ T-cell clearance of viral infection in the CNS in mice with a lineage I North American WNV strain (isolated in New York in 2000). We found that a genetic deficiency of perforin resulted in increased CNS WNV burden and mortality. Antibody depletion and adoptive transfer experiments established that CD8 ϩ T cells require perforin to clear WNV infection from neurons in vitro and in vivo.
MATERIALS AND METHODS
Viruses. The WNV strain (3000.0259) isolated in New York in 2000 (hereafter, New York 2000 strain) was used as described earlier (55) . The stock virus (2 ϫ 10 8 PFU/ml) was propagated once in C6/36 Aedes albopictus cells and used for all in vivo and in vitro studies.
Mouse experiments and tissue preparation. C57BL/6 (H-2K b ) inbred wildtype mice were obtained from a commercial vendor (Jackson Laboratories, Bar Harbor, ME). The congenic perforin-, IFN-␥-, CD8␣-, and K b -ϫ D b -deficient mice were obtained as gifts (perforin deficient, T. Ley, Washington University School of Medicine; CD8 deficient and IFN-␥ deficient, H. Virgin, Washington University School of Medicine; and K b -ϫ D b -deficient, T. Hansen, Washington University School of Medicine). All mice were genotyped, bred, and handled in the animal facility of Washington University School of Medicine in accordance with institutional policy. Eight-to 12-week-old adult mice were used for all studies and were inoculated with 10 2 PFU of WNV by footpad injection. For immunohistochemistry, brains from moribund mice were harvested after perfusion with 10 ml of phosphate-buffered saline (PBS) and 4% paraformaldehyde on day 10 after infection. Tissues were fixed in 4% paraformaldehyde for 24 h at 4°C, washed into PBS, and subsequently embedded in paraffin. Brains were sectioned and stained for WNV antigen and leukocyte common antigen (CD45) by immunohistochemistry as previously described (55) . Briefly, paraffin-embedded brain sections were dewaxed and then digested with a protease enzyme derived from Streptomyces griseus (Sigma Chemical, St. Louis, MO), and endogenous peroxidase activity was quenched with 0.3% H 2 O 2 . After incubation with blocking solution, diluted WNV immune or nonimmune rat serum or anti-CD45 monoclonal antibody (BD Pharmingen) was added for 1 h at room temperature. Sections were then incubated with biotinylated goat anti-rat or anti-mouse antibody followed by horseradish peroxidase-conjugated avidin-biotin complex (Vector Laboratories). Positive signal was visualized with diaminobenzidine, and hematoxylin was used as a counterstain.
Brain T-cell isolation. Perforin-deficient and wild-type mice were infected with 10 2 PFU by footpad injection, and on day 10 after infection, mice were anesthetized and perfused extensively with 30 ml of PBS. Individual brains were harvested, kept on ice in RPMI supplemented with 5% fetal bovine serum (FBS), and homogenized gently by pressing through a 100-m-mesh tissue strainer (BD Pharmingen, San Diego, CA). The cell homogenates were centrifuged, and the cell pellets were resuspended in RPMI and overlaid on a 70% and 30% Percoll (Pharmacia, Uppsala, Sweden) step gradient in RPMI. The gradients were centrifuged (800 ϫ g for 25 min at 25°C), and the leukocytes were collected from between the 70% and 30% interface. Leukocytes were washed twice, incubated with Fc␥ receptor block (BD Pharmingen), and stained for CD4 ϩ and CD8 ϩ T cells with fluorescein isothiocyanate (FITC)-conjugated CD4 (L3T4) or CD8␣ (Ly-2) antibodies (BD Pharmingen) for 30 min at 4°C in the presence of 5% goat serum. After washing, cells were fixed with 1% paraformaldehyde in PBS and analyzed by flow cytometry (FACscan, Becton Dickinson, San Jose, Calif.) with CellQuest software. The total number of CD4 ϩ or CD8 ϩ T cells from each brain was determined by multiplying the percentage of CD4 ϩ or CD8 ϩ T cells by the total number of leukocytes harvested.
Quantitation of virus burden in tissues.
To analyze the kinetics of viral burden in tissues, mice were infected with 10 2 PFU by footpad injection and sacrificed on day 2, 4, 6, 8, or 10 after infection. Before harvesting organs, blood was collected from the axillary vein by phlebotomy. After extensive perfusion with PBS, organs were removed and homogenized using a Bead-Beater apparatus and viral plaque assays were performed as previously described (55) .
Intracellular IFN-␥ staining. Intracellular IFN-␥ staining of wild-type and perforin-deficient splenocytes was performed as described previously (61) . Briefly, at day 7 after infection, splenocytes were harvested from wild-type and perforin-deficient mice. Erythrocytes were lysed with ACK lysis buffer, and splenocytes were counted. In a 96-well plate, 10 6 splenocytes were either left untreated or stimulated with 50 ng/ml phorbol myristate acid (Sigma Chemical) and 500 ng/ml ionomycin (Sigma Chemical) for 10 min. Subsequently, Golgi plug (BD Pharmingen) was added and incubated for 4 h at 37°C in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% FBS. Cells were harvested and stained with FITC-conjugated anti-CD8 (Ly-2) antibody (BD Pharmingen) for 30 min at 4°C. Cells were fixed in 4% paraformaldehyde and permeabilized with 0.5% saponin, incubated with Fc␥ receptor block (BD Pharmingen), and stained with AlexaFluor 647-conjugated rat anti-mouse IFN-␥ antibody (BD Pharmingen) or rat immunoglobulin G1 (IgG1) (isotype control) for 30 min at 4°C. After washing and fixing, cells were analyzed by flow cytometry.
Adoptive transfer experiments. To obtain WNV-primed CD8 ϩ T cells, splenocytes were harvested from naïve or WNV-infected wild-type, perforin-deficient, or IFN-␥-deficient mice at day 7 after infection. CD8
ϩ T cells were isolated by negative selection using antibody-coated magnetic beads (Miltenyi Biotec, Auburn, CA), and purity (Ն95% CD8 ϩ T cells) was confirmed by flow cytometry using an FITC-conjugated rat anti-mouse CD8 antibody. Wild-type, perforindeficient, or IFN-␥-deficient CD8 ϩ T cells were adoptively transferred by intraperitoneal inoculation into CD8-deficient or K b -ϫ D b -deficient mice 24 h after subcutaneous WNV infection. In some experiments, survival analysis was performed, while in others, mice were euthanized at day 10 after infection for analysis of viral burden in the spleen, brain, and spinal cord.
Antibody depletion of natural killer cells. Natural killer cells were depleted in wild-type C57BL/6 mice using the PK136 hybridoma (IgG2a) against the mouse NK1.1 antigen (gift of W. Yokoyama, Washington University, St. Louis, MO). The antibody was cultured in roller bottles, concentrated, and purified by protein G affinity chromatography according to the manufacturer's instructions (Pharmacia). An anti-severe acute respiratory syndrome (SARS) virus antibody (2E11, anti-open reading frame 7a [ORF7a]; IgG2a) (44) was produced, purified, and used as an isotype control for these studies. After purification, 100 g of anti-NK1.1 or control anti-ORF7a was administered via the intraperitoneal route at days Ϫ2 and ϩ2 with respect to WNV infection. The depletion of natural killer cells was confirmed by flow cytometry after staining peripheral blood mononuclear cells with an anti-CD49b antibody (clone DX5; BD Pharmingen).
Antibody depletion of CD8 ؉ T cells. CD8 ϩ T cells were depleted with a rat monoclonal antibody (H35; rat IgG2b) specific for mouse CD8 ϩ T cells according to a previously published protocol (41) . A hybridoma (SFR33; rat IgG2b) that produced antibodies against human HLA-DR5 molecules was grown in parallel and used as a negative isotype control. H35 and SFR33 were grown in a serum-free medium in 1-liter bioreactor flasks according to the manufacturer's instruction (Integra Biosciences, Ijamsville, MD). The supernatants were harvested, centrifuged, filtered, and quantitated by enzyme-linked immunosorbent assay. As a control, to confirm that the CD8 ϩ T cells conferred protection, antibody depletion studies were combined with adoptive transfer studies. Anti-CD8 or HLA-DR MAbs (500 g) were administered to CD8-deficient mice via the intraperitoneal route 2 days prior to adoptive transfer of CD8 ϩ T cells. This dose of MAb was previously shown to deplete CD8 ϩ T cells from wild-type C57BL/6 mice by greater than 99% (41) . One day after adoptive transfer, the efficiency of antibody depletion of CD8 ϩ T cells was assessed by flow cytometry after staining peripheral blood mononuclear cells with a phycoerythrin-conjugated anti-CD8 MAb (clone 53-6.7; BD Pharmingen) that recognized a distinct epitope.
Addition of CD8 ؉ T cells to WNV-infected neurons. Primary neuronal cultures were established from the cortical hemispheres of the brain from day 15 embryos of wild-type C57BL/6 mice as previously described (30, 68) . Briefly, the embryos were harvested at day 15 after gestation and the brains were removed and placed in a 35-mm dish with DMEM on ice. The cortical hemispheres were separated, placed in a 15-ml tube in DMEM, and centrifuged at 300 rpm for 5 min at 4°C. The cells were incubated with 1 ml of 0.25% trypsin (Sigma Chemical) and 300 l of DNase I (Invitrogen, Carlsbad, Calif.) for 15 min at room temperature. The cells were washed with DMEM supplemented with 20% FBS, resuspended, and passed through a 70-m cell strainer (Fisher Scientific). After counting, cortical neurons were plated (6 ϫ 10 5 cells/well) on poly-D-lysine-and laminin (BD Biosciences)-coated coverslips in a 24-well plate and incubated at 37°C for 24 h. After 24 h, the medium was replaced with neurobasal medium supplemented with B-27 (Invitrogen, Carlsbad, Calif.) for the enrichment of neurons (56) . Three to 4 days after plating, neurons were infected with WNV at a multiplicity of infection (MOI) of 0.001 for 1 h. After removing unbound virus with four washes of warm medium, purified naive or WNV-primed CD8 ϩ T cells from wild-type or perforin-deficient mice were added at 10:1 or 80:1 effector/target (E:T) ratios. Supernatants were harvested at 48 h after infection, and WNV production was measured by plaque assay.
Cortical neurons were phenotyped for their purity and degree of infection as follows. Neurons were infected at an MOI of 0.001 and 48 h later fixed with 4% paraformaldehyde in PBS at 4°C. Cells were permeabilized and blocked (0.05% Triton X-100, 5% normal goat serum, and 3% bovine serum albumin in PBS) for 1 h at room temperature. Cells were stained with the neuron-specific marker rabbit anti-MAP2 (42) (Chemicon International, Temecula, CA) or normal rabbit IgG for 1 h at room temperature. After four washes with PBS, neurons were costained with rat anti-WNV immune serum or normal rat serum for 1 h at room temperature. After four washes with PBS, positive signals were detected using Cy3-conjugated anti-rat (Jackson Laboratories, West Grove, PA) and Alexa-488-conjugated anti-rabbit secondary antibodies (Molecular Probes Inc., Eugene, OR). After counterstaining with diamidino-4Ј,6Ј-phenylindole (DAPI), neurons were visualized by fluorescence microscopy (Zeiss Axiovert 200, Oberkochen, Germany).
Data analysis. All data were analyzed statistically using Prism software (GraphPad, San Diego, CA). For in vitro experiments, an unpaired t test was used to determine significant differences. Kaplan-Meier survival curves were analyzed by the log-rank test. Differences in viral burden were analyzed by the Mann-Whitney test.
RESULTS

Susceptibility of perforin-deficient mice to WNV infection. Previously, we and others have demonstrated that a deficiency of CD8
ϩ T cells in mice resulted in substantially higher levels of infectious WNV in the CNS with increased mortality (55, 63) . Since CD8 ϩ T cells control other viral infections by both cytolytic and noncytolytic mechanisms, we assessed the role of perforin in the control of WNV infection. Because WNV predominantly infects neurons in the CNS, perforin-dependent neuronal death could have a protective and/or pathogenic effect (63) . To assess the net effect of perforin on WNV infection and disease, we compared survival rates of wild-type and congenic perforin-deficient C57BL/6 mice after infection. After subcutaneous inoculation with 10 2 PFU of a virulent WNV strain from New York, within 8 days, mice showed clinical signs of infection, including reduced activity, weight loss, hair ruffling, and hunchback posture. However, survival rates were markedly lower in perforindeficient mice: 22% compared to 70% in congenic wild-type mice ( Fig. 1A ; P Ͻ 0.0001). Moreover, similar to CD8-deficient mice (55), we observed an increased incidence of severe neurological signs, including hemiplegia, tremor, and seizure in perforin-deficient mice. By morbidity and mortality analyses, an absence of perforin caused more severe WNV infection with adverse clinical outcomes.
WNV burden in perforin-deficient mice. To understand how a deficiency of perforin resulted in increased susceptibility to WNV infection, the level of infectious virus in peripheral and CNS tissues was determined by viral plaque assay in BHK21 cells. Wild-type and perforin-deficient mice were infected with 10 2 PFU, and viral load was measured at days 2, 4, 6, 8, and 10 after infection in the serum, spleen, brain, and spinal cord (Fig. 1B to D) .
(i) Viremia. In both wild-type and perforin-deficient mice, viremia was undetectable by viral plaque assay throughout the time course, results that are consistent with our previous publications (10, 55) . Viral RNA was thus measured in serum using a more sensitive fluorogenic reverse transcription-PCR assay (32) . The kinetics and magnitude of viremia were virtually identical between wild-type and perforin-deficient mice; viral RNA was detected from day 2 to day 4 after infection but was cleared from circulation by day 6 (data not shown). These results were similar to that previously obtained with CD8-deficient mice (55) .
(ii) Spleen. Infectious virus was detected in the spleens both groups at 4 days after infection. However, in wild-type mice, only 40% (2/5) of mice had levels above the limit of sensitivity. In contrast, 100% (5/5) of perforin-deficient mice had measurable virus (ϳ10 4 PFU/g) in the spleen. Subsequently, in the wild-type mice, infectious WNV levels decreased by day 6 and were absent at day 8. In contrast, there was an attenuated clearance phase in the perforin-deficient mice as levels of virus (10 3 PFU/g) persisted in the spleen after day 6 (Fig. 1B) . At days 8 and 10, 90% (9/10) and 40% (4/10) of perforin-deficient mice had detectable infectious WNV, respectively. Thus, compared to wild-type controls, a lack of perforin resulted in a failure to rapidly clear virus infection from the spleen.
(iii) CNS. (a) Spinal cord. WNV was detected earlier and in greater levels in the spinal cord of perforin-deficient mice (Fig. 1C) . At day 6 after infection, 75% (6/8) of perforin-deficient mice had detectable (ϳ10 4 -10 5 PFU/g) levels in the spinal cord (Fig. 1C) . In contrast, infectious virus was not detected in wildtype mice until 8 days after infection. By the latter stages of the time course, the magnitude of viral infection in the spinal cord was markedly increased in perforin-deficient mice. At day 10, ϳ70-fold higher levels (P Ͻ 0.02) of WNV were detected in the spinal cord of perforin-deficient mice.
(b) Brain. A slightly different pattern of infection was observed in the brain (Fig. 1D) . Earlier entry into the brain was not observed in perforin-deficient mice. However, there was a statistically significant (10 4.5 PFU/g versus 10 3.3 PFU/g; P Ͻ 0.01) increase in viral burden at day 6 in perforin-deficient mice. As the time course progressed, the gap in viral burden in the brain widened such that by day 10 after infection there were ϳ60-fold-higher levels (P Ͻ 0.02) of infectious virus in the perforin-deficient mice. Overall, the virologic analysis demonstrates that perforin has an essential role in controlling the levels of WNV infection in the CNS.
Delayed clearance of WNV from the CNS of surviving perforin-deficient mice. Previously, we showed that a lack of CD8 ϩ T cells resulted in WNV persistence in the CNS in the few surviving CD8-deficient mice up to 5 weeks after infection (55) . Analogously, infection of perforin-deficient mice resulted in a small (ϳ22%) number of surviving animals. To assess the effect of perforin on the kinetics of CNS viral clearance, levels of infectious virus in the CNS were measured in the surviving wild-type and perforin-deficient mice (Fig. 1E) . In wild-type mice, no infectious virus was detected in the brain after 21 days. In contrast, similar to that observed with CD8-deficient mice (55), significant levels (10 3 PFU/gm) of WNV were detected in perforin-deficient mice at later times. Even 35 days after infection, 10 2 PFU/g infectious WNV was recovered from 67% of the brains of perforin-deficient mice. Thus, an absence of CD8 ϩ T cells (55) or perforin molecules resulted in delayed clearance of WNV from infected cells in the CNS.
Increased neuronal infection in the CNS of perforin-deficient mice after WNV infection. Because there were higher viral titers in the CNS of perforin-deficient mice at day 10 after infection, we evaluated whether there was a difference in the susceptibility of different neuronal populations to WNV infection. Similar to that previously observed (55, 56) , WNV antigen was detected only in neurons (Fig. 2) (data not shown) . The cortex, brain stem, cerebellum, and base of the brain were the principal sites of WNV infection in the brain. However, compared to comparably sickened wild-type mice at day 10 after infection, more intense viral antigen staining and greater numbers of infected neurons were observed in perforin-deficient mice. Many of the heavily infected neurons in the perforin-deficient mice showed evidence of neuronal injury with altered morphology (Fig. 2, red arrows) . Similarly, in the spinal cord, larger numbers of neurons were infected in perforindeficient mice when compared to equivalently sickened wildtype mice. Thus, an absence of perforin granules resulted in increased CNS viral load because of enhanced infection in neurons throughout the brain and spinal cord.
CNS inflammation in perforin-deficient mice. In prior studies (55, 56), we observed large numbers of CD45 ϩ lymphocytes in the brains of mice infected with WNV, and that the entrance of these cells temporally correlated with clearance of virus FIG. 1. Survival and viral load analysis for wild-type and perforin-deficient C57BL/6 mice inoculated with 10 2 PFU of WNV. (A) Wild-type and perforin-deficient mice were inoculated with WNV and monitored for morbidity and mortality for 28 days. The numbers of animals were n ϭ 50 for wild-type mice and n ϭ 41 for perforin-deficient mice. Survival differences were statistically significant (P Ͻ 0.0001). (B to E) WNV tissue burden. Infectious WNV levels were measured from the (B) spleen, (C) spinal cord, and (D) brain of wild-type and perforin-deficient mice using a viral plaque assay in BHK21 cells after tissues were harvested at the indicated days. Data are shown as the average PFU per gram of tissue and reflect 5 to 10 mice per time point for either wild-type or perforin-deficient mice. (E) Persistent WNV infection in the brain of surviving wild-type and perforin-deficient mice as determined by plaque assay. For all viral burden experiments, the dotted line represents the limit of sensitivity of viral detection and asterisks denote statistically significant (P Ͻ 0.05) differences between wild-type and perforin-deficient mice. from infected neurons. To confirm that the increased viral load in the brains of perforin-deficient mice was not due to a significant change in CNS inflammation, we assessed the number of CD45 ϩ leukocytes in the brains of wild-type and perforindeficient mice on day 10 after infection by immunohistochemistry. Although leukocytes were present throughout the brain, the largest concentration of CD45 ϩ cells in wild-type or perforin-deficient mice was observed in the brain stem (data not shown). As expected, a deficiency of perforin did not significantly alter the number or pattern of inflammatory cells in the brain ( Fig. 3A; P Ͼ 0.1) (data not shown) . Thus, the increased viral load in the CNS associated with perforin deficiency was not due to a dramatic difference in the number of leukocytes within the CNS.
Previously, we showed that CD8 ϩ T cells traffic into the brain after viral infection in wild-type mice and that this event was temporally associated with reductions in viral titers (55) .
As an additional control, we confirmed that perforin-deficient mice had normal trafficking of CD8 ϩ T cells into the brain. Leukocytes from the brains of wild-type and perforin-deficient mice were isolated by Percoll gradient centrifugation on day 10 after infection and phenotyped by flow cytometry. No significant differences in trafficking of CD8 ϩ or CD4 ϩ T cells into the brain were observed in perforin-deficient mice ( Fig. 3B ; n ϭ 9, P Ն 0.7). Thus, the delayed and inefficient CNS clearance of WNV infection in perforin-deficient mice was not due to decreased migration of T cells. We also assessed whether the absence of perforin had an effect on the priming of CD8 ϩ T cells by comparing levels of IFN-␥ secretion after ex vivo stimulation. Splenocytes from wild-type or perforin-deficient mice were harvested at day 7 after WNV infection. After stimulation with phorbol ester and ionomycin, CD8 ϩ T cells were analyzed by flow cytometry for intracellular IFN-␥ expression. Although infection with WNV resulted in a significant increase in the percentage and number of IFN-␥-producing CD8 ϩ T cells (P Ͻ 0.05) compared to uninfected mice (Fig. 3C ) (data not shown), no difference was observed between infected wild-type and perforin-deficient mice at day 7 after infection (P ϭ 0.7). Collectively, these experiments suggest that the higher levels of WNV infection in the CNS of perforin-deficient mice were not due to a defect in activation or migration of CD8 ϩ T cells.
WNV burden after adoptive transfer of wild-type and perforin-deficient CD8
؉ T cells. To directly establish the role of perforin in CD8 ϩ T-cell-mediated protection of WNV infection, we performed adoptive transfer studies with WNV-primed perforin-sufficient or -deficient CD8 ϩ T cells. To generate WNVprimed CD8 ϩ T cells, wild-type or perforin-deficient C57BL/6 mice were infected with WNV, and on day 7, spleens were harvested and CD8 ϩ T cells were purified by negative selection to greater than 95% purity using antibody-coated magnetic beads (data not shown). These cells were adoptively transferred into congenic CD8-deficient mice 1 day after WNV infection, and 9 days later (day 10 after infection), tissues were harvested to evaluate the effect on clearance of WNV infection in the periphery and CNS (Fig. 4) . As previously observed (55), without adoptive transfer CD8-deficient mice had sustained viral burden in the spleen (ϳ10 4 PFU/g) and high viral loads in the brain (data not shown). When wild-type naïve CD8 ϩ T cells (10 ϫ 10 6 ) were transferred to CD8-deficient mice, no significant clearance in the spleen or CNS was observed by day 10 (Fig. 4A) . However, when wild-type or IFN-␥-deficient WNVprimed CD8 ϩ T cells (10 ϫ 10 6 ) were transferred, WNV was completely cleared from the spleen, brain, and spinal cord ( Fig. 4A and G) . In contrast, transfer of 10 ϫ 10 6 perforindeficient WNV-primed CD8 ϩ T cells to CD8-deficient mice cleared infection from only 33% of spleen and CNS tissues (Fig. 4B) . The remaining mice averaged ϳ5 ϫ 10 2 PFU/g in the spleen and ϳ10 3 to 10 5 PFU/g in the spinal cord and brain. Survival analysis that was performed in parallel supported these results, as adoptive transfer of wild-type WNV-primed CD8 ϩ T cells provided superior protection compared to perforin-deficient CD8 ϩ T cells (Fig. 4C , wild type, 93% survival; perforin deficient, 50% survival; P ϭ 0.01). To confirm that the transferred CD8 ϩ T cells mediated the protection, antibody depletion studies were performed. CD8-deficient mice that received anti-CD8 antibody prior to and after adoptive transfer of WNV-primed wild-type CD8 ϩ T cells showed no virologic improvement or enhanced survival (Fig. 4D) (data not shown) .
Although transfer of 10 ϫ 10 6 WNV-primed wild-type but not perforin-deficient CD8 ϩ T cells resulted in no detectable virus at day 10 after infection, we were concerned that this high dose of primed T cells may have controlled infection in the periphery such that WNV did not disseminate to the brain. To clarify the role of perforin in CD8 ϩ T-cell clearance in the CNS, fewer (3 ϫ 10 6 ) WNV-primed CD8 ϩ T cells were also transferred (Fig. 4E) . When 3 ϫ 10 6 wild-type WNV-primed CD8 ϩ T cells were transferred to CD8-deficient mice, WNV was cleared completely from the spleen but not from the CNS as 67% of mice had reduced but measurable levels (ϳ10 5 to 10 6 PFU/g) in the brain and spinal cord. In contrast, transfer of 3 ϫ 10 6 perforin-deficient WNV-primed CD8 ϩ T cells failed to clear WNV from the spleen in 67% of recipient mice. Moreover, none of these recipient mice cleared infection from the CNS and viral titers approached that of CD8-deficient mice (10 7 to 10 8 PFU/g) (55) in several of the animals (Fig. 4E ). -deficient mice failed to clear WNV from the spleen, brain, or spinal cord by day 10 after infection (Fig. 4F) . Thus, CD8
Adoptive transfer of CD8
ϩ T cells clear WNV in a perforin-dependent, antigen-restricted manner both in the periphery and in the CNS.
Role of natural killer cells in WNV infection. Since natural killer (NK) cells also utilize perforin for target cell cytolysis, we examined their contribution to the clearance of WNV infection. NK cells were depleted from wild-type C57BL/6 mice using an antibody against the NK1.1 antigen. After two 100-g doses, few (Յ0.1%) NK cells were detected in peripheral blood (Fig. 5A) . Notably, mice that were treated with an anti-NK 1.1 or isotype control antibody and then infected with WNV showed no difference in morbidity, mortality, or viral load ( mice, NK cells did not appear to have a primary role in controlling infection and disease. Addition of wild-type and perforin-deficient CD8 ؉ T cells to WNV-infected neurons. To directly establish that CD8 ϩ T cells were necessary and sufficient for viral clearance from WNVinfected neurons, we developed a viral clearance assay with primary neurons derived from the cerebral cortex of 15-dayold wild-type C57BL/6 mouse embryos. Using antibodies against the neuron-specific marker MAP2 (42) and WNV, we confirmed that the cortical neuron cultures were comprised of Ͼ90% neurons and infected (Fig. 6A) . One hour after infection, WNV-primed wild-type or perforin-deficient CD8 ϩ T cells were added at two different E:T ratios. At 48 h after infection, the level of infectious virus in the neuronal supernatants was measured by plaque assay. As expected, wild-type WNV-primed but not naïve CD8 ϩ T cells significantly reduced (ϳ300-fold, P Ͻ 0.0001) infectious virus production from infected cortical neurons at both high and low E:T ratios (Fig. 6B) . Although WNV-primed perforin-deficient CD8 ϩ T cells reduced virus production in cortical neurons compared to naïve CD8 ϩ T cells, they were ϳ30-fold less efficient (P Յ 0.03) than WNV-primed wild-type CD8 ϩ T cells at either E:T ratio. 
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Collectively, these experiments suggest that WNV-primed CD8 ϩ T cells control neuronal infection in vitro, in part, through perforin-dependent mechanisms.
DISCUSSION
Previously, two groups independently demonstrated that CD8 ϩ T cells have an essential role in eradicating WNV from infected tissues in the periphery and CNS (55, 63) . Nonetheless, the mechanism of clearance remained uncertain as CD8 ϩ T cells may use distinct pathways to control viral infection. This question is especially relevant for viruses that infect neurons as cytolysis by CD8 ϩ T cells could cause significant injury to these nonregenerating cell populations. Using multiple experimental approaches, we investigated whether CD8 ϩ T cells use the pore-forming molecule perforin to control infection by a lineage I New York isolate of WNV. Congenic C57BL/6 mice that lack perforin had higher central nervous system viral burdens and increased mortality rates after WNV infection, and infectious virus was recovered from the CNS for several weeks in the few surviving perforin-deficient mice. Moreover, adoptive transfer of wild-type but not perforin-deficient WNVprimed CD8 ϩ T cells markedly reduced infection in the CNS and improved survival of CD8-deficient mice. CD8 ϩ T-cellmediated clearance of WNV in the CNS was class I MHC dependent, as no beneficial effect was observed after transfer to
The in vivo results were largely recapitulated in vitro using wild-type and perforin-deficient CD8 ϩ T cells and congenic cortical neurons. Thus, despite the risk of immunopathogenesis, CD8
ϩ T cells utilize, in part, a perforin-dependent, class I MHC-restricted mechanism to clear WNV from infected neurons. An absence of perforin resulted in increased and sustained WNV infection in both peripheral and CNS tissues, data that are consistent with our previous findings for CD8-deficient mice (55) . In the spleen, mice that lacked perforin did not efficiently clear infectious virus during the course of infection. Adoptive transfer of wild-type but not perforin-deficient WNV-primed CD8 ϩ T cells, however, completely cleared infectious virus from the spleen. A markedly higher viral burden was also observed in the CNS of perforin-deficient mice, and adoptive transfer of perforin-sufficient CD8 ϩ T cells to CD8-deficient recipients had a significantly greater protective effect than perforin-deficient CD8 ϩ T cells. Importantly, depletion studies with anti-CD8 antibodies confirmed that WNV-primed ϩ T cells. One hour after WNV infection, purified naive or WNV-primed CD8 ϩ T cells from wild-type (WT) and perforindeficient mice were added at an 80:1 or 10:1 E:T ratio. Supernatants were harvested 48 h later, and the reduction of WNV production was measured by plaque assay. Asterisks denote differences that are statistically significant (P Ͻ 0.05) compared to the addition of no CD8 ϩ T cells.
CD8
ϩ T cells mediated the viral clearance and improvement in phenotype.
Our survival and virologic experiments suggest that a deficiency of perforin-expressing, cytolytic CD8
ϩ T cells has a detrimental effect after infection with a virulent lineage I New York WNV isolate. In contrast, another group showed a neutral or improved phenotype when perforin-deficient mice were infected with the lineage II Sarafend strain of WNV (64) or a prototype strain of the related Murray Valley encephalitis virus (36) . Infection of perforin-deficient mice with WNV Sarafend had no effect on the survival rate, mean survival time, or viral burden in the brain (64) . Although this group concluded that perforin did not play a crucial role in the recovery from Sarafend infection, higher mortality and viral burden were demonstrated in perforin-ϫ Fas ligand-deficient mice compared to mice with the individual genetic deficiencies. Moreover, increased mortality and viral burden after Sarafend infection were observed in granzyme A-and B-deficient mice, suggesting that defects in the cytolytic machinery of T cells impaired WNV clearance. Although it is difficult to directly compare our results from perforin-deficient mice with those of Wang et al. (63) , the disparity could be due to differences in the route of inoculation (footpad versus intravenous) or, more likely, the viral strain. The Sarafend and New York 2000 strains differ significantly at the amino acid level (22% capsid, 6% prM, 10% E, 10% NS1, 16% NS2a, 4% NS2b, 5% NS3, 23% NS4a, 14% NS4b, and 7% NS5), which could affect the potential of each virus to induce death in neuronal subsets. For a virulent strain, perforin-dependent lysis of a small number of infected neurons may outweigh the risk of CNS dissemination with widespread cell death induced directly by the virus.
Our findings establish the importance of perforin-dependent cytolysis in preventing WNV persistence. WNV was recovered from the brains of the few surviving perforin-deficient mice for several weeks, results that parallel our findings with CD8-deficient mice (55) . The failure of CD8-deficient mice to clear virus from infected neurons is consistent with the findings of other studies with neuroadapted Sindbis virus in which CD8 ϩ T cells were required for clearance of viral RNA from neurons (3, 4) . In the case of Sindbis virus, infection of neurons was cleared primarily by noncytolytic mechanisms, including the secretion of IFN-␥ by activated CD8 ϩ T cells (3) (4) (5) 26) . In contrast, adoptive transfer of WNV-primed IFN-␥-deficient CD8 ϩ T cells completely controlled infection in the spleen and CNS. Consistent with this, we do not observe long-term WNV persistence in mice deficient for IFN-␥ or IFN-␥ receptor (B. Shrestha and M. Diamond, unpublished observations). Thus, the pathogenesis of persistent neuronal infection appears to be virus specific and may be a function of deficits in one of several immunologic variables. For WNV, activated CD8 ϩ T cells control persistence, in part, through a perforin-dependent, IFN-␥-independent mechanism. Our preliminary studies also indicate that significant phenotypic changes to the virus do not occur during long-term viral persistence in the CNS: WNV that was isolated from the brains of the few surviving CD8-deficient mice at day 35 after infection showed a normal level of neurovirulence when inoculated intracranially into wild-type mice (M. Samuel and M. Diamond, unpublished results).
Studies with neurotropic viruses and perforin-deficient mice suggest that the virus, the host genetic background, and the specific neuronal target cell may all affect the ability of the cellular immune system to control and clear virus from the CNS (3, 16) . In many cases, neurons may be protected from CD8 ϩ T-cellmediated lysis because they basally express few class I MHC molecules. However, because inflammatory stimuli increase class I MHC expression in certain neuron subpopulations (31, 43) , some may become vulnerable to immune targeting by virus-specific CD8 ϩ T cells during the course of infection. Indeed, for many CNS infections, perforin-dependent cytolysis of neuronal cells by CD8 ϩ T cells has pathogenic consequences. Perforindeficient mice develop less severe disease after infection with lymphocytic choriomeningitis virus (22, 23, 59) or mouse hepatitis virus (37) . In contrast, infection of perforin-deficient mice with neurovirulent Sindbis virus did not affect morbidity (49) . However, infection of perforin-deficient mice with Theiler's murine encephalomyelitis virus, a pathogen that infects microglial and glial cells, resulted in decreased viral clearance from the CNS and enhanced demyelinating disease (48) . To our knowledge, our studies with a virulent strain of WNV, which infects predominantly neurons, provide the first example in which perforin-dependent CD8
ϩ T-cell-mediated clearance of virus from neurons has a net beneficial effect on viral burden, neurological disease, and outcome. This may occur because of the high cytopathic potential of WNV for neurons (56) .
The display of surface class I MHC molecules by neurons and their recognition by activated CD8 ϩ T cells have remained controversial. In vitro studies suggested that sympathetic neurons in culture express functional levels of class I MHC molecules and are targets for antigen-restricted CD8 ϩ T-cell lysis (39) . Recent studies with mice demonstrated very low levels of classical class I MHC antigens in neurons infected with Sindbis (26) ϩ T cells could control WNV infection indirectly after interacting with other class I MHC-expressing cells (e.g., microglia, astrocytes, or oligodendrocytes), in vitro experiments were performed with highly purified primary cortical neurons. Importantly, the presence of perforin in CD8 ϩ T cells enhanced the control of WNV infection in these neurons. Taken together, our in vitro and in vivo data suggest that WNV-primed CD8 ϩ T cells control infection in CNS neurons, in part, by a class I MHC-restricted and perforin-dependent mechanism. Surprisingly, the antibody depletion studies suggest that NK cells do not have a significant role in perforin-dependent or -independent control of WNV infection in mice. Similarly, no significant difference in phenotype after WNV infection was observed in Ly49A transgenic mice (25) , which lack functional circulating NK cells (M. Engle unclear why NK cells do not contribute to protection against WNV in mice, some flaviviruses may evade NK cell cytotoxicity by increasing the surface expression of MHC class I molecules on infected cells (7, (27) (28) (29) , effectively transmitting an inhibitory signal through intracellular tyrosine-based inhibitor motifs. Studies with immunodeficient mice (2, 8, 10, 13, 14, 30, 51, (60) (61) (62) (63) have helped to elucidate the mechanisms of pathogenesis and protection against WNV infection. Our data suggest that at least for the highly virulent lineage I New York WNV strain, CD8
ϩ T cells use perforin-dependent, class I MHCrestricted mechanisms to clear infection from neurons. Although recovery from WNV infection is associated with a risk of immunopathogenesis by CD8 ϩ T cells, attenuating these interactions with broad-spectrum immunosuppressive agents could have more devastating consequences.
